In the megavoltage energy range although the mass attenuation coefficients of different bones do not vary by more than 10%, it has been estimated that a simple tissue model containing a singlebone composition could cause errors of up to 10% in the calculated dose distribution. In the kilovoltage energy range, the variation in mass attenuation coefficients of the bones is several times greater, and the expected error from applying this type of model could be as high as several hundred percent. Based on the observation that the calcium and phosphorus compositions of bones are strongly correlated with the bone density, the authors propose an analytical formulation of bone composition for Monte Carlo computations. Elemental compositions and densities of homogeneous adult human bones from the literature were used as references, from which the calcium and phosphorus compositions were fitted as polynomial functions of bone density and assigned to model bones together with the averaged compositions of other elements. To test this model using the Monte Carlo package DOSXYZnrc, a series of discrete model bones was generated from this formula and the radiation-tissue interaction cross-section data were calculated. The total energy released per unit mass of primary photons ͑terma͒ and Monte Carlo calculations performed using this model and the single-bone model were compared, which demonstrated that at kilovoltage energies the discrepancy could be more than 100% in bony dose and 30% in soft tissue dose. Percentage terma computed with the model agrees with that calculated on the published compositions to within 2.2% for kV spectra and 1.5% for MV spectra studied. This new bone model for Monte Carlo dose calculation may be of particular importance for dosimetry of kilovoltage radiation beams as well as for dosimetry of pediatric or animal subjects whose bone composition may differ substantially from that of adult human bones.
I. INTRODUCTION
The development of efficient computation code and the advances in computer processor technology in recent years have significantly enabled applications of Monte Carlo method in radiation therapy planning systems. 1 Because the interactions of x rays and ␥ rays with materials can be modeled in detail, the Monte Carlo algorithm can provide very accurate dose predictions provided proper source and tissue models are available. The critical parameters in a model for dose calculation include the source characteristics, the geometries of the patient body and the target, and the distributions of tissue densities and tissue elemental compositions in the body. In a modern radiation therapy clinic, the source parameters can be extracted from the machine design, the control settings of the treatment system, and the device calibration. CT imaging technology provides information concerning the subject geometry and tissue density at high spatial resolution. However there is no direct source from which we can extract the tissue elemental compositions, 1 although the development of dual-energy CT imaging techniques could offer more information. 2 Without this information, the determination of subject composition relies on an empirical model.
Bone tissues provide significant challenges to dose calculation. Bones contain the most x-ray absorbing elements in the body, their densities are much higher than other tissues, and their elemental composition can vary significantly between different skeletal locations. [3] [4] [5] Comparatively, the elemental compositions and densities of soft tissues and lungs generally do not vary to the same degree. 4 It is therefore expected that variation in bone composition could introduce complications into the computation of x-ray dose deposition.
Reports from experiments and simulations have shown that in the 6 -15 MV energy range, the error in dose distributions arising from using a model containing single-bone composition could reach a few percent for low density tissues and more than 10% for high density bones in some cases. 6 Therefore the use of conversion techniques based purely on mass density is discouraged within Monte Carlo simulations because these methods ignore dependencies of particle interactions on the materials, which can lead to notable discrepancies in high atomic number materials. The conversions should include the use of both mass density and elemental compositions of the materials. 1 In the kilovoltage ͑kV͒ x-ray energy range the importance of an accurate bone model is increased relative to the megavoltage ͑MV͒ energy range. This can be understood by ex-amining the variation in the mass attenuation coefficients of bones of different compositions as a function of photon energy. Figure 1 plots the mass attenuation coefficients of two adult human bone tissues as a function of photon energy, calculated using the data provided in Ref. 3 the highestdensity bone ͑cortical bone tissue, density of 1.9, containing 22.18% calcium, mainly consisting of osteogenic cells layers͒ and the lowest-density bone ͑inner bone, density of 1.12, containing 4.97% of calcium, introduced by the literature as an average composition of a mixture of hard bone and red marrow found in trabecular bone structures͒. Within the photon energy range in MV x-ray therapy, from 200 keV to 20 MeV, the difference in the mass attenuation coefficients of the two tissues is within 10%. However, over the kV x-ray range from 10 to 200 keV the mass attenuation coefficients of the cortical bone are several times higher than those of the inner bone. A much higher error in the dose distribution computed for a kV x-ray beam therefore would be expected if an improper bone composition is assumed in the dose computation.
Errors in dose calculation caused by tissue modeling must be carefully investigated. Dutreix reported that differences in response to radiotherapy are clinically detectable for dose differences of as small as 7%. 7 Other studies suggested that a 5% radiation dose change could result in a 10%-20% change in tumor control probability and up to 20%-30% change in normal tissue complication probabilities. [8] [9] [10] As pointed out by Verhaegen and Devic, errors in assignment of material properties can lead to dose errors of 10%-30% for 6 -18 MV electron beams and 40% for 250 kVp photon beams. 11 The clinical importance of bone dose was emphasized by Montemaggi et al., who noted that bone irradiation can lead to complications such as infection, fracture, and bone necrosis. 12 Fajardo commented that bones receiving therapeutic doses of radiation are susceptible to osteoblast and osteocyte damage, and that the observed effects are most detrimental in children. 13 These observations are supported by reported measurements of bone density and composition in children, which vary with age and are significantly different than those of adults. 14 Accurate tissue composition models are also of relevance to emerging techniques for applying conformal radiotherapy to small animal models of disease. 15 For these small subjects it is also critical to have a biologically relevant tissue model for dose calculation.
The issue of extracting material characteristics from CT images has long been a topic of interest. 16 In early studies of using Monte Carlo computation in radiation therapy, the environment and body were modeled by air and three tissues: lung, skeletal muscle, and bone.
14, [17] [18] [19] In these models a single tissue composition and single-bone composition were assumed, but their densities were variable. In more recent years models have been developed to include more materials, as the tissue model in VMCϩϩ, 20, 21 which was used in the electron beam Monte Carlo treatment planning system for clinical applications. 22 In the studies by Schneider and coworkers the radiation-tissue interaction was modeled through multiparameter approximations based on CT Hounsfield numbers, with parameters derived from biological measurements. 23, 24 Kanematsu et al. modeled soft tissues and bones as muscle-air, muscle-fat, and muscle-bone mineral binary mixtures and related the ratios in the mixtures with Hounsfield numbers through the effective electron densities calculated using a stoichiometric model. 25 There has been increasing use of the Monte Carlo simulation package VMCϩϩ ͑Refs. 20 and 21͒ for electron beam radiation therapy and XVMC ͑Ref. 26͒ for photon beam radiation therapy because of their accuracy and execution speed. In these packages the mass scattering and stopping powers of tissues are fitted to a piecewise continuous function of media mass over the energy range of MV beams. Siebers et al. calculated water-to-material stopping power ratios of soft bone and cortical bone by Monte Carlo simulations over the spectra of 6 and 18 MV x-ray beams and used the ratios for the dose-to-medium to dose-to-water correction. 27 In a subsequent publication this group noted that the uncertainties in absolute material selection can lead to substantial errors in the determination of the absorbed dose to water and the dose to the material, and the obvious remedy for this is to incorporate many materials in the CT-to-material conversion table. 28 The method of stopping power ratios was applied in IMRT treatment planning using approximately 50 tissues whose densities distributed over the range from 0.3 to 1.9 g / cm 3 . 29 To study skeletal dosimetry, Kramer et al. constructed adult male and female phantoms including major organs and bones according to the standard data given in ICRP89 and simulated external irradiation to these phantoms over photon energy range from 10 keV to 10 MeV using Monte Carlo methods. 30 In that study CT images of bones from different parts of the body were segmented into cortical bone, spongiosa, bone marrow, and cartilage, after which the elemental compositions and densities of these tissues were tabulated and the equivalent doses per kerma in air for different bone components were obtained as function of photon energies from 10 keV to 10 MeV. Multiple-bone models for dose computation have also been studied and compared to experimental measurements in the MV energy range. 6 Bitar et al. 31 segmented CT images into organs and tissues and assigned them predefined elemental compositions, computing radiotherapy dose distribution using the MCNP Monte Carlo simulation package. 32 The focus of our work was to create a representation of bones for Monte Carlo simulations that is both computationally efficient and accurate in both the kV and MV photon energy ranges. In considering this issue, the elemental composition data of bone tissues from various literature sources [3] [4] [5] were investigated. We found that there exist strong correlations between the mass densities of these tissues and the compositions of some elements, which prompted us to generate a model containing variable bone compositions.
In our work, an analytical formula to generate a general bone composition model was derived spanning the kV and MV energy ranges for Monte Carlo calculations. Discrete materials with varying elemental compositions related to the physical density were generated from the formula to satisfy the input requirement of DOSXYZnrc ͑Refs. 33 and 34͒ for evaluation. Unlike previous studies, the focus of this work was to create a model applicable to photon transport in the kV range that is also applicable in the less sensitive MV range. Instead of studying the standard adult human bony compositions as in the work of Kramer et al., 30 our model stands on the analyses of CT images of specific cases so that the variations from different individuals are automatically taken into consideration. Because most Monte Carlo codes require explicit specification of the elemental composition within each patient voxel to obtain interaction data for dose calculations, 6 our model is directly applicable. In the work of Kramer et al. the study units were the bone tissues, and bony organs were treated as combinations of bone tissues. In our model, the study units were elements whose physical characteristics are well known, and all bony structures were treated as combinations of elements. The material modeling algorithm used in VMC and XVMC was optimized to speed up dose computation for MV-beam radiation therapy, in which the attenuation coefficient was decomposed into a Compton scattering term C and a pair-production term P . 26 Variations in these parameters are modeled by either a piecewise continuous functions or alternately using a ramp of 16 materials from selected ICRU data. 21 In the kV energy range the contribution from photoelectric interaction to the attenuation coefficient is significant and is highly material dependent; therefore, the ramp-interpolation method applied to tissue composition would be sensitive to sample material selections. In our work an averaged tissue composition model is proposed. This analytical model is conceptually intuitive and mathematically simple. To evaluate this new algorithm, the compositions of modeled bones were compared with those tabulated from the literature, [3] [4] [5] and the Monte Carlo simulated dose distributions produced by this model were compared with those by the single-bone model.
II. METHODS AND MATERIALS
The densities and elemental compositions of a series of adult human bones were taken from the literature 3-5 for use as sample bone standards. In these articles the bone tissue data as those of spongiosa and cortical bone were obtained from fresh wet samples, and the bone organ data of the humerus and femur were given as the weighted mean over their tissue compositions. To quantitatively analyze the errors from improper bone composition assignments, we used the concept of "total energy released per unit mass" of the primary photons ͑terma͒, introduced by Ahnesjö et al. 37 Terma at a point r is defined as
where / is the mass attenuation coefficient ͑cm 2 / g͒ at location r as a function of photon energy E, and ⌿ is the energy fluence of primary photons ͑cm −2 ͒. Terma was applied in 3D dose calculations [38] [39] [40] [41] [42] using the convolution algorithm in homogeneous media
and the superposition algorithm in inhomogeneous media
where ͑rЈ͒ is the medium density at rЈ and av is the averaged density from rЈ to r. The functions A͑r − rЈ͒ and H͑r − rЈ , av ͒ are the energy deposition kernels for these two cases, respectively, obtained from simulation or measurement.
Terma provides a convenient way to evaluate our model because of its analytical formulation. In our analysis, the percentage of the energy released in tissues is used in addition to the absolute value; therefore we defined percentage terma of x rays through a homogeneous bone of thickness x and density as percentage terma͑x͒ = terma͑x͒ terma͑ϱ͒ ϫ 100 %
where f͑E͒ is the x-ray spectrum. The percentage terma of three representative situations were used as our test cases: an x-ray beam from a 120 kVp source of tungsten target through a 2.5 mm Al filtration ͑cal-culated using a MATLAB program Spektr 43 ͒ through a homogeneous bone 5 mm thick ͑a typical bone size of small experimental animals such as mice͒ and those by x-ray beams with spectra of 6 and 15 MV linear accelerators 44 passing through a bone 5 cm thick ͑a typical bone size in human body͒. The significant level of difference in the error analysis was set to 2%. Since no uncertainties were given for the source data in the original literature, we set this level by considering the biological effect and the uncertainties from other sources, such as the radiation therapy system commissioning confidence level. 1 In order to preliminarily estimate the upper limit of the error caused by improper composition assumptions, the compositions of the bones of the highest-density ͑cortical bone͒ and the lowest-density ͑inner bone͒ were swapped while their densities were maintained. The percentage termas calculated for these bones were compared with those using the correct compositions.
To determine the elements that are most responsible for these deviations, we varied the composition of each of the 12 major tissue elements found in bone ͑H, C, N, O, Na, Mg, P, S, Cl, K, Ca, and Fe͒ by a small amount individually and calculated the corresponding percentage terma change. The result of this examination, as discussed in Sec. III A, showed that among these elements the calcium composition variation created the largest percentage terma change, followed by phosphorus. This assessment is supported by the high atomic numbers of these elements and their substantial concentrations in bones and is consistent with the observations of Schneider et al. 24 This observation led us to develop a bone model of "density-varying averaged composition" as a mapping algorithm from bone density to bone composition. Using the bone data from the literature as our standard bone samples, the model was defined in following steps ͑Fig. 2͒.
͑1͒ Normalize elemental compositions:
Normalize the compositions of elements other than calcium and phosphorous in sample bones. For each of these sample bones, remove calcium and phosphorus from the composition and normalize the sum of the rest elements to 100%, ͑c͒
Step up the density for the next model bone, calculate the elemental compositions by the polynomials for calcium and phosphorus, and averaged compositions for other elements. Calculate the percent terma of this model. Adjust the model density until the terma difference from the previous model is less than 2%. ͑d͒ Repeat step 5͑c͒ to continue the series generation until the calcium composition of the last model exceeds that of the cortical bone.
͑6͒ Generate radiation-tissue interaction cross-section data:
The cross-section data of each model bones in the series is calculated using PEGS4 for future Monte Carlo computation.
The bone densities and compositions in this algorithm, as in the data from the original literature, represented the mean values over the volumes of the bone organs. Stated alternately, a bone organ was treated as a homogeneous entity. When the model is applied in the conversion from the Hounsfield value of a CT voxel, the density and composition represent the mean values over the volume of the voxel. A similar concept was applied by Kramer et al., 30 in which the bones were modeled as variable volumes of CT voxel clusters so that a volume in some cases may contain just one type of tissue and in other cases may contain a mixture of marrow and osteogenic cells layers.
The model bone composition proposed by this algorithm, in principle, is a continuous analytical function of the bone density. Discrete points from this model are created in steps 5͑b͒ to 5͑d͒ for the inputs of DOSXYZnrc. A Cϩϩ program BoneModel was developed to build this bone model following the above procedure. In this program the compositions and the densities of the sample bones from the literatures are loaded. The mass attenuation coefficients of these sample bones are computed using XCOM, 45 and these data are then saved into a data file as the sample bone library. For each sample bone, a model bone of the averaged composition as defined by Eqs ͑2.5͒-͑2.7͒ is generated and evaluated. Then a series of models is created as described in step 5 of the procedure so that the calcium compositions in the series bracket the range of those of the sample bones. The mass attenuations of these models are computed, and the data are saved as the model series library. Following step 6, the elemental compositions of each model in the series are composed into an input file and PEGS4 is invoked to generate the cross-section data.
To investigate the dose computation error related to the modeling error, the photon-tissue-interaction cross sections of the single-bone model and our analytical bone model were applied in a Monte Carlo simulation using DOSXYZnrc. In the simulation a mouse brain was irradiated by a radiotherapy plan consisting of 90 radially convergent beams from a 120 kVp x-ray spectrum with tungsten target and 2.5 mm Al filtration. The isocenter was placed at the target center and the source was 354 mm away. All beams were 1 mm in diameter at the isocenter and the same weight, uniformly distributed over 360°in a transverse plane passing through the brain, as is achievable using a micro-CT-based small animal radiotherapy system. 15 The two bone models were used to generate the Monte Carlo input phantom, in conjunction with the corresponding cross-section data in the dose calculation. The resulting dose distributions were compared.
In the default configuration, DOSXYZnrc allows the user to specify up to seven media. A region of interest in the CT image must be converted to a phantom through voxel rebinning and air/tissue assignment. The air/tissue assignment is performed according a predefined composition-densityHounsfield number lookup table. Each voxel in the phantom is labeled by a digit from 1 to 9 as the air/tissue index. We modified the DOSXYZnrc code to allow it to read more than one digit for each voxel and set the maximum number of media to a higher number so that more bone entities could be accepted. Correspondingly in the phantom file more than one digit was used to represent a tissue or air. EGSnrc includes a program ctcreate that performs the Hounsfield-composition mapping. In order to gain more process control and improved memory management under WINDOWS, we developed our own phantom generation procedure in Cϩϩ, which is part of a larger Cϩϩ package DoseCalc developed by the authors. DoseCalc combines the source model, phantom generation, DOSXYZnrc input file generation, and dose calculation with a graphical user interface.
III. RESULTS

III.A. Sample bones
A total of 27 sample human bones was taken from the literature. Their compositions and densities are listed in Table I , sorted by their densities. Some bone data from the literature were reported with elemental compositions not totaling 100%, in which cases we normalized the compositions to the reported cumulative level.
A strong correlation of calcium and phosphorus compositions with bone density was observed for these samples, as shown in Fig. 3 . The calcium compositions ͑Ca%͒ can be fitted to a cubic function and the phosphorus compositions ͑P%͒ can be fitted to a quadratic function of the bone density ͑g / cm The standard deviations of the fits, defined as the deviations of the fit values from the sample values, were 0.48% for Ca% and 0.54% for P%, respectively. The significance of the fitting error was evaluated by the percentage terma difference between each sample bone and its model bone created using these fittings. The results of this experiment are discussed below in Sec. III B.
The percentage terma errors generated by swapping the compositions of the inner bone ͑density of 1.12, calcium 4.97%͒ and the cortical bone ͑density of 1.9, calcium Table II . We see that in the MV range the percentage terma errors did not exceed 4%. In the kV range, however, the errors could be as high as 27% underestimated or 43% overestimated. The terma changes induced by elemental composition variations in female pelvic bone are listed in Table III in order to identify the element or elements most responsible for the percentage terma error. The density of 1.45 g / cm 3 and calcium composition of 14% of this bone are near the average of our samples. In the analysis we increased the composition of each element by a factor of 1%, respectively, and scaled down the compositions of other elements so that the sum of all the element compositions remained 100%. From the table we see that in the kV spectrum range, the oxygen and calcium composition variations are most associated with the percentage terma changes, and the influences from carbon and phosphorus are the next. All other elements, either because of their small atomic numbers or their low compositions, do not significantly contribute to the change. We noticed that an increase in the oxygen composition results in a decrease in the percentage terma. This suggests that this percentage terma change is more likely due to the decrease in other elements. In an additional study we increased the oxygen composition by a factor of 1% but kept the calcium unchanged, and scaled down other elements, the percentage terma change in the 120 kVp spectrum range was reduced from 0.24% to 0.01%. The same experiment applied to carbon leads to similar conclusion. These investigations clarified that the main causes of the percentage terma change were the composition variations in calcium and phosphorus.
The number of bones in the discrete model can be estimated by the data in Table II . We see that the ratio of the percentage termas of a 120 kVp x-ray beam through the cortical bone and the inner bone is 29.28% : 13.26% = 2.21. To cover this range and keep the percentage terma difference between the adjacent points within 2%, the model will need at least 41 composition-density-Hounsfield points, that is, a series containing at least 41 model bones.
III.B. Averaged bone model
An "averaged bone" was generated for each of the 27 sample bones according to eqs. ͑2.5͒-͑2.7͒. The "averaged compositions," excluding the calcium and phosphorus, after normalization to 100%, are listed in Table IV . The percentage terma of the sample bones is calculated and plotted in Fig. 4 , together with the differences of those of the models from their samples.
Because higher bone density is associated with higher absorption, it is expected that the percentage terma is increasing function of the bone density over all the three spectrum ranges, as shown in Fig. 4 . From the plot we can see that the percentage terma differences of most of the model bones from their sample bones are within 1.5%, below our significant level of 2%. Although the percentage terma differences TABLE IV. The normalized percent compositions of an averaged bone excluding calcium and phosphorus, as the COMP ave in Eqs. ͑2.6͒ and ͑2.7͒. 4 . Percentage termas of sample bones ͑left͒ and percentage terma differences of model bones from their sample bones ͑right͒: 120 kVp x-ray spectrum through a 5 mm bone, 6 MV x ray through a 5 cm bone, and 15 MV x ray through a 5 cm bone, respectively.
in the models of the two least dense bones from their sample are slightly over this level, we accept this model because the uncertainties from other sources 1 are not well defined.
III.C. Discrete model series
The discrete model series generation resulted in a total 47 model bones that covers the calcium composition from 4.80% to 22.65%, bracketing the calcium composition range of the sample bones from 4.965% for the inner bone to 22.18% for the cortical bone. The calcium and phosphorus compositions of these bones were calculated using polynomials in eq. ͑3.1͒ from their densities. The normalized compositions of other elements, listed in Table IV , were assigned to these 47 bones after scaling. The names of these models reflect their calcium compositions, as model series 0480 indicates that the calcium in this model bone is 4.80%. Table V lists these models. The photon-tissue-interaction crosssection data of each model bone in the series were calculated by invoking PEGS4 from the Cϩϩ program BoneModel over the photon energy range from 1 kV to 100 MV.
III.D. Dose distribution simulations
A micro-CT image acquired from a mouse brain ͓Fig. 5͑a͔͒ was used to generate Monte Carlo phantom files using the single-bone model and the 47-bone model, respectively. The photon-tissue-interaction cross-section data generated from these two models were used in the computation of delivered dose. The results are shown in Figs. 5͑b͒ and 5͑c͒ . Following a pair of rays irradiating the target from opposite directions, through the center of the target and a tooth, as shown in Figs. 5͑b͒ and 5͑c͒ , a profile of the dose distribution is extracted for each of the two cases and plotted together in Fig. 5͑d͒ .
From these figures we find that in this case the dose prediction by the single-bone model in soft tissues is about 70% of the dose by the 47-bone model. In the brain target it is 72%. In the skull near the scalp it is 162%, and in the skull of the center of the head it is more than 200%. The 47-bone model predicted a more detailed structure of the dose distribution in the tooth. In this examination the mouse skull density is 1.41 and the skull thickness is 0.5 mm, according to the CT image. The single-bone model assigns to the skull the composition of the cortical bone whose density is 1.92. The average energy of the 120 kVp spectrum is 57.65 kV. The mass attenuation coefficients / at this energy, the percentage termas, and the relative dose depositions for each simulation are listed in Table VI .
In this case, although the same bone densities were used as in the 47-bone model, the single-bone model assumes higher calcium and phosphorus compositions in the mouse skull, and therefore predicts higher mass attenuation coefficient and higher percentage terma in the bony structure. The resulting prediction of doses to the bones and teeth are higher, and the doses to the soft tissue near the bones are lower. We notice that the percentage terma is calculated with the radiation beam perpendicular to the surface of a bone, in the direction of the minimum thickness. In a dose calculation the beam can be incident from different angles thus longer paths would generate more significant effects. Therefore it is not a surprise to see that, in our example a 27.3% of percentage terma error in the bones, by 16% of / error, can cause more than 60% of overestimate in the bony dose and near 30% underestimate of dose to the adjacent soft tissue.
IV. DISCUSSION
In the MV range, the single-bone model in the x-ray absorption computation, in general, would not create percentage terma error more than 4% for the bone thickness about 5 cm. While in kV range, in an extreme case, an error of up to 43% can result when calculating the percentage terma of a 120 kVp x-ray beam through a 5 mm bone. The level of this error emphasizes that accurate tissue models are critical for kV dosimetry, more than for MV dosimetry. The error from applying a single-bone model is mainly caused by ignoring variations in the calcium and phosphorus compositions in different bones. An algorithm was proposed in this work to correct this error in which the elemental compositions of the bones were modeled as an analytical function of their densities, based on the observation that the calcium and phosphorus contents are strongly correlated with the bone density, and the effects of variations in other elements on the mass attenuation coefficients are relatively small.
Compared with the single-bone model, the elemental compositions assigned to our model bones are much closer to those of the standard samples from the literatures. Using this algorithm, different parts of a bone as well as bones from different locations in a body can be assigned different elemental compositions according to their densities. When the model was discretized to conform to the input format of DOSXYZnrc, we defined a significance level of 2% in the percentage terma errors by the consideration of the biology effect and the uncertainties from other sources such as the radiation therapy system commission confidence level. The series generated contained 47 model bones of averaged compositions, separated by 2% percentage terma difference, which guarantees the percentage terma error will be below 1.5% in the MV spectrum range. In the kV range this series guarantees the percentage terma error will be less than 2.5%, for most of cases less than 0.5%.
The percentage terma error of the inner bone model from its sample is slightly larger than the 2% significance level ͑Fig. 4͒. This can be improved if we take the average by grouping the bones according to their densities so that within each group the model covers a smaller density range. However we chose to leave the model in the original simpler format because of uncertainties in both the source data and the averaging algorithm. The range of variability of the sample bone compositions and densities were not specified in the literature. Bone compositions could vary from person to person. The Hounsfield numbers of the CT image voxels contain 1%-2% uncertainties due to noise and beam hardening artifacts. 25 In addition, the averaging algorithm contains some arbitrariness owing to the fact that the bone data collected from the literature were neither uniformly distributed over the bone density range nor over the bone volumes in a body. This potential sampling bias leads to different density ranges having different weights in the average. Therefore the 2% significance level used in this study is likely to be within experimental variations.
Although many factors other than tissue elemental compositions influence dose calculation errors, it can be expected that an overestimate in the terma of a large structure is, in general, associated with an overestimation of the dose deposition in the structure and an underestimation of dose deposition behind the structure. This error could be dramatically large. In the 6 -15 MV x-ray spectrum range, although the percentage terma error produced by the single-bone model would never exceed 4% for a bone 5 cm thick ͑Table II͒, a 10% dose computation error can occur in high-density bones. 6 Our Monte Carlo simulation in the kV range demonstrates the level of dose correction required for a target near a large bony structure due solely to assigning the bones improper elemental compositions. In our example, if two mouse brain targets are given the same doses according to the single-bone model and the 47-bone model, respectively, the dose to the skull calculated by the single-bone model would be more than twice as that by the 47-bone model.
In the MV spectrum range in radiation therapy, which extends from 200 kV to 18 MV, the mass attenuation coefficient / of hydrogen varies from 0.1 to 0.2 cm 2 / g. The / of all other elements are roughly equivalent to each other and are about half of that of hydrogen, reflecting the fact that the electron density per mass of hydrogen is twice that of other elements. The average energy of the 6 MV spectrum is about 2 MeV and that of the 15 MV spectrum is about 4 MeV. In the vicinity of these average energies the / of all the elements except hydrogen do not change significantly with respect to the photon energy. This fact makes the / of different bones in the MV range much less sensitive to their compositions than in the kV range, so that the bone density becomes the dominant factor in the percentage terma. We notice that in the kV range the mass attenuation coefficient is, in general, an increasing function of bone density because the calcium and phosphorus compositions increase with density. However in most of the MV range, the mass attenuation coefficient is a slightly decreasing function of bone density because the higher-density bones generally have less hydrogen. In this range the hydrogen composition plays an important role, as pointed out by Vanderstraeten et al. 6 Treating hydrogen composition with a similar technique as that applied for calcium and phosphorus in this work will further reduce the modeling error.
V. CONCLUSION
In this work we propose a simple analytical algorithm to create a bone composition model for kV radiotherapy Monte Carlo calculation. With a setting of 2% terma tolerance, this algorithm produced a discrete model containing 47 bones with artificial compositions. We showed that one, in the kV energy range this model can bring a percentage terma correction by 40% relative to a single-bone model; and two, a 20% percentage bone terma overestimate could result in more than a 100% overestimate in the bone dose and a 30% underestimate of the dose in the adjacent soft tissue. We believe that higher accuracy in kV radiation dose computations will substantially improve the quality of therapies in this energy range, including experimental treatment of small animals, human superficial therapies, and human brachytherapy. This development may be particularly important in the context of pediatric radiation therapy, because the bone compositions of children are known to be different from adults and change significantly with age.
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